Chitosan nanoparticles (CS) and chitosan/pepper tree (Schinus molle) essential oil (CS-EO) bionanocomposites were synthesized by nanoprecipitation method and the in vitro antifungal activity against Aspergillus parasiticus spores was evaluated. The shape and size were evaluated by scanning electron microscopy (SEM) and dynamic light scattering (DLS). The surface charge was determined by assessing the zeta potential and the inclusion of essential oil in bionanocomposites using Fourier transform infrared spectroscopy (FT-IR). The effect on cell viability of the fungus was evaluated using the XTT technique and morphometric analysis by image processing. SEM and DLS analysis indicated that spherical particles with larger diameters for CS-EO biocomposites were observed. Zeta potential values were higher (+11.1 ± 1.60 mV) for CS nanoparticles. Results suggest a chemical interaction between chitosan and pepper tree essential oil. The highest concentration of CS-EO complex caused a larger (40-50%) decrease in A. parasiticus viability. The inclusion of pepper tree oil in CS nanoparticles is a feasible alternative to obtain antifungal biocomposites, where the activity that each compound presents individually is strengthened.
Introduction
Environmental risks to humans, flora, and fauna have increased significantly in recent years due to excessive use of chemical fungicides and the development of resistance in species of pathogenic fungi due to the indiscriminate use of chemical agents [1] . The genus Aspergillus is widely distributed in nature as a saprophytic microorganism and can be found in fruits, vegetables, or other substrates rich in carbon sources. Some species are significantly involved in food spoilage, such as Aspergillus flavus and Aspergillus parasiticus, which produce secondary metabolites or mycotoxins that are toxic agents and carcinogenic and cause some diseases in animals and humans [2] .
Mycotoxins have brought about great impact to crops, animals, and humans, since the fungus can attack agricultural products during the growth of plants at harvest or during storage. Thus, due to the increasing amounts of fungicides used for preventive and corrective control of microorganisms, the above has resulted in the need to use alternative 2 Journal of Nanomaterials fungicides that are environmentally friendly and pose no health risk. Essential oils (EOs) of plants contain a number of bioactive compounds and are widely used in food, cosmetics, and industry because of their antioxidant properties and antibacterial and antifungal activity [3] [4] [5] . Additionally, they constitute an important group of plant products that provide the characteristic odors of the aromatic plants from which they were extracted.
Essential oils are aromatic vegetable oily liquids comprising a mixture of volatile monoterpenes of low molecular weight, sesquiterpenes, and other isoprenes [6] .
Schinus molle (Anacardiaceae) is a plant whose essential oil has antimicrobial properties also commonly called pepper tree [7] . Native to South and Central America, this plant has acclimated to the most tropical and subtropical areas around the world, showing usefulness in various applications [8] . The effectiveness of its essential oil against filamentous fungi has been shown and it has been proven to affect the process of germination and mycelial growth of Fusarium solani [9] ; in the case of Aspergillus flavus, mycelial inhibition of up to 53.5% was found when applying a concentration of 500 ppm of pepper tree essential oil [10] . It has also exhibited antifungal activity against A. japonicus, A. niger, and A. oryzae through diffusion tests using disks impregnated with 5 L of oil, finding inhibition halos between 6.3 and 7.3 mm [11] . Similarly, Alanís-Garza et al. [12] found a minimum inhibitory concentration of >1000 mg/mL of the oil when testing inhibition of Aspergillus fumigatus.
Regarding toxicity, it has been reported that, at concentrations of 4.3 and 5.6% (w/v), the aqueous extract of pepper tree caused a mortality of 27% of the Xanthogaleruca luteola Müller insect [13] . Furthermore, when evaluating the mutagenic activity of the essential oil extracted from pepper tree leaves, a high level of toxicity of Artemia salina was found, reaching LC 50 values of 47 g/mL, while the standard potassium dichromate presented LC 50 of 50 g/mL [11] .
According to what was reported by Olafsson et al. [8] , the pepper tree essential oil is rich in monoterpenes, limonene, -phellandrene, -phellandrene, myrcene, and -pinene. However, the biological activity of oil can be lost through the volatilization of its components or due to degradation when exposed to light, heat, and/or pressure [14, 15] . Among the emerging alternatives to solve this problem is nanotechnology, in which many essential oils have been encapsulated such as eugenol [16] , Mentha piperita oils [14] , Lippia sidoides essential oils [17] , thyme oil [18] , and pepper tree essential oil [7] . Moreover, by forming nanoparticles, components of essential oils have been encapsulated or embedded in polymer matrices and one of the materials that has proven effective for the encapsulation of these active compounds is chitosan [19] .
Chitosan is a polymer obtained from the deacetylation of chitin, a polysaccharide of natural and abundant source, which is second in abundance after cellulose. The use of chitosan for the encapsulation of various active components has gained attention in recent years due to its mucoadhesive properties, biocompatibility, biodegradability, and low or no toxicity [20] . Recently, there have been numerous studies published on the encapsulation of essential oils in chitosan with the main objective of increasing its stability and preserving the functional properties of oils such as eugenol [16] , Elsholtzia splendens extract [21] , oregano essential oil [22] , and carvacrol [23] .
Hosseini et al. [22] synthesized chitosan and chitosan loaded with oregano essential oil nanoparticles, finding that systems obtained had particle diameters of 281.5 and 309.8-402.2 nm, respectively, having a directly proportional relationship between the amount of oil loaded in the particle and its size. Similar results were reported by Woranuch and Yoksan [24] , who synthesized chitosan nanoparticles with diameters of 586 nm and chitosan nanoparticles loaded with eugenol with diameters in the range of 726-760 nm.
Regarding the antifungal activity of chitosan as nanoparticles, it has been shown that these materials are active against some fungi proving chitosan nanoparticles' antifungal potential, as shown in Table 1 .
In relation to previous research, the antifungal properties of chitosan nanoparticle systems coupled to various essential oils are evident. However, to date, there are no previous studies that evaluate the effect of chitosan nanoparticles loaded with pepper tree oil (Schinus molle) on the growth of toxigenic filamentous fungi of relevance in food. The aim of this research was to obtain chitosan nanoparticles and chitosan/pepper tree essential oil to evaluate its effect on viability and morphometry of Aspergillus parasiticus spores.
Materials and Methods

Pepper Tree (Schinus molle) Essential Oil Extraction.
The essential oil of pepper tree (Schinus molle) was extracted by hydrodistillation, for 4 hours at 100 ∘ C, from pepper tree leaves collected from the Yaqui Valley, Sonora, Mexico (27 ∘ 34 39 N and 109 ∘ 56 19 O), during the month of August 2013. The leaves were dried in the shade for a week at room temperature. For extraction, 100 g of dry leaves and 1000 mL of distilled water were placed in a device equipped with trap type Clevenger (IMPARLAB, Mexico), a heating jacket (CIVEQ, Mexico), and a cooling system (LAUDA Alpha 8, USA).
Inoculum Preparation.
Aspergillus parasiticus strain (ATCC 16992) was used, selected based on its importance in food for being a toxin producing species. The strain was activated in potato dextrose agar (PDA, Bioxon, USA) acidified with tartaric acid (10% w/v) and incubated for 5 days at 25 ± 2 ∘ C. Developed spores were resuspended by adding sterile Czapek liquid culture medium, stirring with a sterile magnetic bar for 1 min. The concentration of the spore suspension was determined by count in a Neubauer chamber (Brand, Germany) and the inoculum was adjusted to a concentration of 4 × 10 6 spores/mL.
Nanoparticles Preparation.
Commercial chitosan (Sigma-Aldrich, USA) with a degree of N-acetylation (DA) of 0.178 and a viscometric molecular weight of 1.1 × 10 5 kDa (estimated at 25 ∘ C in 0.3 M acetic acid and 0.2 M sodium acetate) was used for the synthesis of nanoparticles [25] . Nanoparticles were obtained using the nanoprecipitation method according to the procedure described by LuqueAlcaraz et al. [26] . 2.5 mL of a chitosan solution 0.5% (w/v) was taken and added to 40 mL of methanol (Sigma-Aldrich, USA) containing or not pepper tree oil extract (Schinus molle) at a concentration of 0.05% (v/v). The process was made under magnetic stirring (500 rpm) and with a flow of 0.87 mL/min with a peristaltic pump (Gilson Minipuls 3, France). Subsequently, methanol was removed by rotary evaporation (Labconco rotary evaporator 78892, USA) connected to a coolant (Yamato, USA) until a volume less than 10 mL of the initial sample was obtained. The obtained nanoparticles were diluted to different concentrations to achieve the applied treatments ( Table 2 ). The systems obtained were characterized as described below.
Nanoparticles and Bionanocomposites Characterization
Scanning Electron Microscopy.
The morphology of the samples was studied by scanning electron microscopy in SEM SIGMA HD VP from Carl Zeiss microscope.
FT-IR Analysis.
The interaction between chitosan and the essential oil was analyzed by FT-IR spectra and was obtained using Perkin-Elmer FT-IR Spectrum GX with an average of sixteen scans in a spectral range of 4000-400 cm −1 . The analysis was carried out in liquid media.
Size and Zeta
Potential. The dispersion of size and zeta potential of nanoparticles of chitosan and chitosan/pepper tree essential oil bionanocomposites was measured using Möbius equipment (Wyatt Technology, Santa Barbara, CA, USA) with a laser wavelength of 532 nm and scattering angle of 90 ∘ , for which samples were prepared with Milli-Q water and vortexed for 15 seconds before measurement. Measurements were performed in triplicate at a temperature of 25 ∘ C.
Antifungal Assay
Spore Viability.
A colorimetric assay for the quantification of the number of viable spores was conducted using salt XTT 2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium hydroxide (Sigma-Aldrich, USA). The assay was carried out in the presence of menadione as electron-coupling agent [30] . Spore suspension was prepared at a concentration of 4 × 10 6 spores/mL in Czapek liquid medium and stirred using a 4
Journal of Nanomaterials magnetic stirrer; 100 L of spore suspension was taken to be inoculated on 96-well flat-bottom microplate (Costar, Corning, USA) to obtain a final concentration of 2 × 10 6 spores/mL in each well. The plates were incubated (Nova-Tech, USA) for 4 hours at 27 ± 2 ∘ C and were removed and 100 L of each nanoparticle treatment was added to each well, incubating again at the same conditions for another 4 hours. Following the elapsed time, the plates were removed again and 50 L of XTT solution and 7 L of menadione solution were added to each well to obtain a final concentration of 400 g of XTT and 25 M of menadione [30] . The microplates were incubated again for another 3 hours at 27 ± 2 ∘ C and the optical density was measured at 450 nm (OD 450 nm ) with a spectrophotometer (ThermoLab Systems, China). The XTT assay was performed in triplicate and the OD was assessed after 3 hours of exposure to the spores of the fungus in the presence of the nanoparticulate systems.
Morphometric Parameters of Spores.
The average diameter of the fungi spores was measured by image analysis, which was obtained using an optical microscope (Olympus CX31, Japan) connected to an Infinity 1 camera (Media Cybernetics, USA) using 40x objective. The images were analyzed using Image-Pro Plus software version 6.3 (2008 Media Cybernetics Inc., USA) [31] . At least 50-60 measurements were taken per each treatment.
Statistical Analysis.
Statistics on a completely randomized design were determined using the one-way analysis of variance (ANOVA) at a level of significance set at = 0.050. Means for groups in homogeneous subsets were carried out using the Tukey multiple comparisons test (Tukey's post hoc test), at 95% confidence interval. All data were presented as mean value with their standard error indicated (mean ± SE). Differences were accepted as significant when ≤ 0.05.
Results and Discussion
Morphology of Bionanocomposites.
According to SEM analysis, chitosan nanoparticles and chitosan/pepper tree essential oil bionanocomposites showed a regular size distribution and a spherical shape with no evidence of agglomerates formation. The size of the chitosan nanoparticles was in the range 20-100 nm (Figure 1(a) ), while the chitosan/pepper tree oil bionanocomposites were in the range 200-600 nm (Figure 1(b) ). The fact that the diameter of chitosan/pepper tree oil particles is greater than that of the chitosan nanoparticles can be attributed to several factors, such as the swelling of the chitosan layer surrounding the individual particles or the aggregation of the particles while dispersed in water [23] . Some authors have reported that the size of the nanoparticles can be decreased through several procedures: first, initial sonication, which can convert the long chains of chitosan into small pieces and prevent the formation of agglomerates; second, resonication; and third, making the nanoparticles pass through filters [18] . 
Physicochemical Characterization
Fourier Transform Infrared Spectroscopy (FTIR).
Fourier transform infrared spectroscopy (FT-IR) is a technique for identifying the chemical composition of a material, which provides valuable information to show the measured coupling through intra-and intermolecular chemical interactions between components of chitosan and pepper tree essential oil bionanocomposites. In Figure 2 (a), distinctive bands of chitosan spectrum can be seen, showing the bending band of the amino group (NH 2 ) at 1600 cm −1 .
Meanwhile, in Figure 2 (b), a band at 1750 cm −1 was observed, which is related to the carbonyl group C=O present in some terpenes molecules of essential oils constituents. In Figure 2 (c), chitosan/oil pepper tree bionanocomposites spectrum is shown and the disappearance of the carbonyl signal (C=O) when carrying out the reaction with the amino groups of chitosan can be observed. It is accurate to assume that when the reaction occurs, the decreasing of the vibration frequency of the bands distinctive to chitosan is associated with the formation of an amino group detected between 1640 and 1690 cm −1 . Similar results have been found when coupling molecules of essential oils components to chitosan nanoparticles. By modifying carvacrol and eugenol with aldehyde groups to react with chitosan nanoparticles through Schiff base, reduced intensity of bands NH and C=O was detected when compared with spectrum signals of Journal of Nanomaterials pure chitosan nanoparticles. This decrease can be attributed to the reduction of amino groups on the surface of the nanoparticles, resulting from this bond -C=N- [32] . Chitosan has both reactive amino and hydroxyl groups; the amino group leads to the possibility of several chemical modifications, including Schiff bases (-RC=N-) by reactions with aldehydes and ketones [33] . In a study carried out by Luque-Alcaraz et al. [26] , in which the inclusion of flavonoids into the nanoparticle system was evaluated, the infrared spectrum of nobiletin-chitosan nanoparticles was obtained. This spectrum exhibited important bands at 1626 cm −1 , which are associated with the probable formation of an imine bond between chitosan amine groups and the carbonyl group of nobiletin, via Schiff-base formation. In the characterization of chitosan Schiff bases, new absorption peaks appear at 1648.3 and 1610.6 cm −1 , corresponding to the C=N vibration characteristic of imine group [33] . Figure 3 shows the size dispersion of chitosan nanoparticles (a) and chitosan/pepper tree bionanocomposites (b). Chitosan nanoparticles had a diameter of 494 ± 168 nm and a zeta potential of +11.1 ± 1.60 mV, while chitosan/pepper tree bionanocomposites presented a larger diameter (754 ± 7.5 nm) and zeta potential of +9.1 ± 1.74 mV (Table 3) . Similar results were reported by Woranuch and Yoksan [24] , who obtained nanoparticles of chitosan and chitosan/eugenol with diameters of 586 and 726-760 nm, respectively. A comparison between the nanoparticles size obtained by SEM and that measured by dynamic light scattering (DLS) indicated differences in this parameter. This outcome could be due to the sampling process. For SEM evaluation, the sample is dry prepared and the size is individually measured [34] . On the other hand, for DLS, the sample is in solution and the result is size dispersion of the nanoparticles. Similar results were reported by Woranuch and Yoksan [16] . They obtained nanoparticles with a size of 80-100 nm (TEM) and 586-683 nm (using DLS) for the same preparation of chitosan-eugenol nanoparticles. It should be noted that the larger size of particles obtained by DLS, compared to those from TEM, might be a result of the nanoparticle swelling and aggregation during its dispersion in an aqueous medium. In addition, in a study by Zhang and Zhao [35] , nanoparticles showed smaller particle size based on Atomic Force Microscopy than that measured by DLS, which could be explained by the fact that the chitosan nanoparticles were not in a hydrated state; thus, they were not expanded as they were for the DLS measurements.
Zeta Potential and Size.
The zeta potential is the charge on the surface of the suspended particles and the electrostatic repulsion between the particles can greatly influence its stability when kept in suspension [36] . Research done determined that chitosan nanoparticles (CsNp) showed a zeta potential of +11.1 ± 1.60 mV, at a concentration of 0.0005 g/mL. This value is lower compared to that obtained by Woranuch and Yoksan [16] , who synthesized nanoparticles with an approximate concentration of 0.48 g/mL chitosan and 0.5% (w/v) sodium tripolyphosphate (TPP) as cross-linking agent, with zeta potential values of +37.7 mV. This difference can be attributed to the concentration of nanoparticles in the solution when performing the evaluation. The effect of concentration on the value of zeta potential has been studied by Ing et al. [27] who found a directly proportional relationship between the concentration of the nanoparticles and the zeta potential thereof. The positive surface charge results from protonation of the amino groups of chitosan; however, such potential decreases when loading the nanoparticles with essential oil, which can be attributed to an effect of shielding the positive charges from the essential oil. In this study, no differences ( > 0.05) in the values of zeta potential were found, which can also be attributed to some encapsulation effect of the oil within the chitosan molecular network that forms chitosan/pepper tree bionanocomposites. Nonetheless, the fact of presenting positive charges is indicative of stability from both chitosan nanoparticles and chitosan/pepper tree bionanocomposites, because the electrostatic repulsion between particles remains [35, 37] . Similarly, due to the positive charge system, it is possible that these interact with phospholipids of the fungi membrane, destabilizing it and causing the output of intracellular components, with consequent death of cells [27, 36] . During this study, while evaluating the effect of different concentrations of pepper tree essential oil (S. molle), it was revealed that all treatments applied increased the viability percentage of the spores of the fungus in relation to the control ( < 0.05) ( Figure 4) ; nonetheless, no differences ( > 0.05) were found between the different concentrations employed: 200 g/mL (EO-A), 100 g/mL (EO-B), 50 g/mL (EO-C), 25 g/mL (EO-D), and 12.5 g/mL (EO-E).
In 1986, Dikshit et al. [10] evaluated the antifungal effect of pepper tree essential oil (extracted by hydrodistillation) on mycelial growth of Aspergillus flavus, finding inhibition of 53.5% when applying a concentration of 500 g/mL. This concentration is higher compared to those used in our study, which explains the strong inhibitory effect found by the authors.
In the essential oil from pepper tree leaves, about 22 components have been identified, featuring monoterpenes (69.3%) and sesquiterpenes (17%), to which antimicrobial activity is attributed on Enterococcus faecalis, Staphylococcus epidermidis, S. aureus, Pseudomonas aeruginosa, and Escherichia coli and antifungal activity is attributed on Aspergillus niger, A. japonicus, A. oryzae, Fusarium oxysporum, Rhizopus oryzae, and R. stolonifer [11] . Similarly, it has proven effective as biopesticide against Xanthogaleruca luteola, reaching nearly 100% mortality at concentrations of 4.3-4.7 mg/mL [13] .
XTT technique has been previously reported to examine the antibacterial effect of Paronychia argentea and Varthemia iphionoides extracts on proliferation of Bacillus subtilis, Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa [40] . It has also been employed to analyze the effect of copper nanoparticles on the viability of filamentous fungi such as Alternaria alternata, Aspergillus flavus, Fusarium solani, and Penicillium chrysogenum [41] . Figure 4 presents the results of the effect of different concentrations of chitosan nanoparticles on the viability of Aspergillus parasiticus spores. No differences ( > 0.05) between treatments CS-B (75.95 g/mL), CS-C (37.72 g/mL), CS-D (18.86 g/mL), and CS-E (9.43 g/mL) were found with respect to control, at 4 hours of exposure to nanoparticles. However, at the highest concentration tested (CS-A, 150.9 g/mL), a decrease ( < 0.05) of 30% of cell viability relative to other treatments including the control was found.
Regarding the study of chitosan/pepper tree essential oil bionanocomposites, it was established that all treatments reduced the viability of fungal spores from control ( < 0.05) (Figure 4) , having a smaller number of viable spores in the treatment with higher concentrations of chitosan/pepper tree bionanocomposites. Some authors have demonstrated the effect of the concentration of Cuminum cyminum essential oil coupled to chitosan-caffeic acid nanoparticles in the growth or viability of filamentous fungi such as Aspergillus flavus [42] . It was also found that the nanoparticles of chitosancaffeic acid Cuminum cyminum showed an antifungal action directly proportional to the concentration of nanoparticles applied.
The results obtained demonstrate the antifungal potential of chitosan/pepper tree oil bionanocomposites on the viability of spores of Aspergillus parasiticus, which can be Journal of Nanomaterials attributed to electrostatic interactions of Van der Waals type and hydrogen bonds between the negatively charged components present in the fungus cell membrane and the positive charge of the bionanocomposites. It has been proven that the electrostatic interactions between positively charged nanoparticles and microbial cell membrane can cause membrane destabilization, altering the properties thereof and causing the death of the microorganisms [43] . Possible mechanisms associated with the effect of essential oils on the growth of fungi have been published in various studies. Rasooli and Abyaneh [44] demonstrated that thymol oil inhibits mycelial growth of Aspergillus parasiticus, which was associated with a significant decrease in the production of aflatoxins. Similarly, the application of thymol oil (50 to 500 g/mL) showed an antifungal (from 250 g/mL) and antiaflatoxigenic (from 150 mg/mL) effect on Aspergillus flavus, noting obvious alterations in the size of conidia and hyphae structure characterized by a decrease of cytoplasmic content and effects on the integrity of the cell membrane [45] . Comparable results have been published by other authors in evaluating the antifungal capability of other essential oils coupled to chitosan nanoparticles. Herculano et al. [19] showed that chitosan nanoparticles provide a protective effect to Cuminum cyminum essential oil, reducing its volatility and increasing its useful life [14, 18] .
The present study demonstrates that it is feasible to couple chitosan and pepper tree essential oil to obtain antifungal bionanocomposites with a higher activity compared to the effect that both chitosan and pepper tree oil present individually. Figure 5 , spores of Aspergillus parasiticus exposed to different treatments can be observed. The spores subjected to treatments based on pepper tree oil (EO-A = 200 g/mL, EO-B = 100 g/mL, EO-C = 50 g/mL, EO-D = 25 g/mL, and EO-E = 12.5 g/mL) and control show that the treatments did not affect the diameter of the spores. All treatments were statistically equal to the control ( > 0.05), as shown in Table 4 .
Morphometric Parameters of Spores. In
The antifungal effect of essential oils such as Origanum syriacum L. var. bevanii, Lavandula stoechas L. var. stoechas, and Rosmarinus officinalis L. (at concentrations of 12.5 y 25 g/mL) on Botrytis cinerea has been documented, finding inhibition of spore germination as elongation of germinal tubule, besides morphological degeneration of hyphae characterized by cytoplasmic coagulation, vacuolations, hyphal shriveling, protoplast leakage, and loss of conidiation [46] . In Aspergillus flavus exposed to Thymus vulgaris L. essential oil (100 to 500 g/mL), there were alterations in the structures of conidiophores and hyphae, in addition to decrease of Data, followed by their standard errors, are means of at least fifty measurements. Treatment means were separated using the Tukey test ( > 0.05). Different letters in superscript (in each column) indicate significant differences ( < 0.05).
cytoplasmic content [45] . Based on this, it is possible to assume that the antifungal effect of essential oils varies according to the source, the concentration applied, and fungal species under study. In the case of treatments based on chitosan nanoparticles, CS-A, CS-B, CS-C, CS-D, and CS-E, no significant differences in the diameter of spores ( > 0.05) compared to control ( Figure 5 , Table 4 ) were found. For the effect of chitosan/pepper tree bionanocomposites on the morphometry of the fungus, there was no significant difference between treatments CSEO-A, CSEO-D, and CSEO-E, compared to control. The average diameters of the spores treated with CSEO-B and CSEO-C were statistically different to other treatments. Probably, the concentration of chitosan nanoparticles used in this study was not sufficient to affect the average diameter of the spores, as previous studies have shown that chitosan, both in solution and in nanoparticles, can cause warping and swelling of spores and hyphae. For example, Plascencia-Jatomea et al. [47] evaluated chitosan solutions of average molecular weight (3.5 g/L) in the germination of spores of Aspergillus niger, finding anomalies in the membrane and deformation of spores and hyphae. Also, it has been reported that chitosan nanoparticles (5 × 10 −3 g/mL) exhibited antifungal effect on A. parasiticus [48] , which was attributed to the increase in the contact area due to the small size of nanoparticles, which can be capable of penetrating into the cell and interact with vital components to the growth of fungus. Furthermore, the mode of action of chitosan can be explained in terms of its cationic nature, which can allow electrostatic interaction with proteins and phospholipids of the plasmatic membrane of the microorganism.
Conclusions
The essential oil extracted from pepper tree leaves (Schinus molle) can be coupled to chitosan in form of bionanocomposites by nanoprecipitation. Although pepper tree oil and chitosan nanoparticles do not diminish the amount of viable spores of Aspergillus parasiticus in vitro significantly, the chitosan/pepper tree bionanocomposites are effective in reducing the number of viable spores. These results indicate that the inclusion of pepper tree essential oils in chitosan bionanocomposites is an alternative that preserves the antifungal properties of both components, decreasing the tendency to volatilization of the essential oil and the consequent loss of activity.
The strategy of applying nanotechnology to the development of new "green biocomposites" with antifungal activity against filamentous fungi important in food and agricultural interest is a promising alternative, which can help to reduce the impact associated with the increased use of synthetic agrochemicals responsible for damage to both human health and the environment.
It is necessary to standardize methodologies for the extraction of essential oils from plants, as well as the isolation of major bioactive compounds that exhibit activity against bacteria, yeasts, and fungi. Moreover, assess its engagement with bio-based polymeric materials shaped as nanoparticle systems. The study of the environmental impact associated with toxicity, possible interactions with biota and microbiota, and the clarification of the possible implications of bio-based polymeric nanoparticles' effects on both agricultural fields and human health are topics that need to be evaluated to ensure safety of these systems.
